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Answer
• High priced alternatives such as natural gas, 

“clean” coal and renewable sources.
• Continued safe operations 
• Increasing power demand
• New plants that are quicker to build with capital 

costs low enough to meet the target bus bar 
electricity prices of the competition.

• Continued support from the President and 
Congress.

• Continued concern about global warming
• Courageous leaders in the utility business?
• A few informed Wall Street analysts ?



Present Situation
• It doesn’t get any better than this for nuclear 

energy!

– Very Good Nuclear Regulatory Commission
– Combined Construction Permit and Operating 

License
– Early site permits supported by DOE
– Concern about Global Climate Change
– Rising and highly volatile natural gas and oil prices
– Great rhetoric from the President and Congress about 

need for nuclear energy for environment, security and 
stability



But ?

• Lots of good words
but,

• No new orders !



Why ?
• High Cost ?
• Psychology ?
• Wall Street Effect ?
• Bad Products ?
• Lack of Need ?
• Risk Averse ?
• Wanting to be Second ?
• Lack of “Leadership” ?
• All of the above ??



Present New Market Offerings

• AP-1000 (Westinghouse)
– 1,000 Mwe – PWR

• ESBWR (General Electric)
– 1390 Mwe - BWR

• EPR ( Framatome – ANP)
– 1,600 Mwe – PWR



AP1000 Site Plan



AP1000 - A Cost Competitive Design

***

Passive Safety Systems Eliminate 
Components and Reduce Costs

Simplification of Safety 
Systems Dramatically Reduces 

Building Volumes



Parallel Tasks Using Modularization 
Shorten Construction Schedule



European Pressurized Water Reactor



EPR Safety System



ESBWR Design Features

• Natural circulation Boiling Water Reactor
• Passive Safety Systems
• Key Improvements:

– Simplification
• Reduction in systems and equipment
• Reduction in operator challenges
• Reduction in core damage frequency
• Reduction in cost/MWe



Passive Safety …



All Pipes/Valves 
Inside Containment

Economic Simplified Boiling Water Reactor (ESBWR)
Passive Safety Systems Within Containment Envelope

High Elevation 
Gravity Drain Pools

Raised Suppression 
Pool

Decay Heat HX’s
Above Drywell



Differences relative to ABWR
ABWR ESBWR

Recirculation System + support systems Eliminated (Natural Circulation)

HPCF (High Pressure Core Flooder) (2 
each)

Combined all ECCS into one Gravity Driven 
Cooling System (4 divisions)

LPFL (Low Pressure Core Flooder) (3 each)

RCIC (Isolation/Hi-Pressure small break 
makeup)

Replaced with IC heat exchangers 
(isolation) and CRD makeup (small break 
makeup)

Residual Heat Removal (3 each)  (shutdown 
cooling & containment cooling)

Non-safety shutdown cooling, combined 
with cleanup system; Passive Containment 
Cooling

Standby Liquid Control System–2  pumps Replaced SLCS pumps with accumulators

Reactor Building Service Water (Safety 
Grade)
And Plant Service Water (Safety Grade)

Made non-safety grade – optimized for 
Outage duration

Safety Grade Diesel Generators (3 each) Eliminated – only 2 non-safety grade diesels

2 Major Differences – Natural Circulation and Passive Safety



Certified Designs

• AP-600 (Westinghouse)
• ABWR – 1250 Mwe (General Electric)
• System 80+ - 1300 Mwe(Westinghouse/CE)

Problem – although certified, nobody in the US is 
buying – cost?



Trends
• More passive safety features 
• Less dependency on active safety systems
• Lower core damage frequencies – 10-6

• More back up safety systems – more trains
• Some core catchers
• Larger plants to lower capital cost $/kw
• Simplification in design
• Terrorist resistant features
• Construction time reduced but still long 4 years



Some Facts
• 103 US reactors, 440 World reactors in 33 countries.
• 98.5 nuclear GWe is 13% of installed capacity but provide 20% of 

electrical energy. 
• No order for nuclear plants since 1975, but in 2002 nuclear energy 

production was the highest ever. 
• US plants have run at 90% capacity in 2002, up from 71% in 1990. 
• 16 reactor licenses extended, from 40 years to 60 years of 

operation, 18 more reactors in process.
• 2.5 GWe of uprates were permitted in the last decade. 5.0 GWe are 

expected by industry by 2010.

• Bottom line:  Utilities are making money with nuclear plants and 
electricity rates from these plants are stable and quite low on a 
production cost basis – fuel and operations and maintenance.

• This is Good for new orders!!!
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ELECTRICITY’S NEW ERA
More Price Volatility….

(Wall Street Journal 9/17/01)

Wholesale electricity costs in regional markets
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WANO Indicators :
Nuclear Plants Unit Capacity, 

%

The 2002 result is better than the 2005 goal and marks the third consecutive year that unit capacity 
tops 90%. 
The indicator measures a plant’s ability to stay on line and produce electricity. Plants with a high unit capability are successful
in reducing unplanned outages and improving planned outages.
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What does this picture tell you ?



World Energy by Supply

World OECD

Oil: 35% 41%
Coal: 23% 21%
Nat Gas: 21% 21%
Nuclear: 7% 11%
Wood+: 11% 3%
Hydro: 2% 2%
Other: 0.5% 0.7%

Other = (geo, wind, solar, etc)



US Primary Energy Consumption 
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How ?

Source: BRITISH PETROLEUM, Statistical Review of World Energy, BP, London, 1996.









The “Next” Generation

• Next Generation Nuclear Plant (NGNP)
• Nuclear Hydrogen Production
• Pebble Bed Reactors – High Temperature 

Gas
• Risk Informed Design, Safety and 

Licensing



Next Generation Nuclear Plant

• High Temperature Gas
• Indirect Cycle
• Electric generation 
• Hydrogen production
• Pebble bed reactor or block reactor?
• Built at the Idaho National Laboratory



Next Generation Nuclear Plant

Hydrogen - Thermo-electric plant

Hydrogen - Thermo-chemical plant

Secondary HX

MIT Modular Pebble
Bed Reactor



Very-High-Temperature Reactor  (VHTR)

Characteristics
• Helium coolant
• 1000°C outlet temperature
• Water-cracking cycle

Benefits
• Hydrogen production
• High degree of passive 
safety

• High thermal efficiency
• Process heat applications

U.S. Product Team Leader:  Dr. Finis Southworth (INEEL)



Turbine Hall Boundary

Admin

Training

Control
Bldg.

Maintenance
Parts / Tools

10

9

8

7

6 4 2

5 3 1

0               20                 40                   60      80                    100              120        140               160             

0

20

40

60

80

100

Primary island with
reactor and IHX

Turbomachinery

Ten-Unit VHTR Plant Layout (Top View)
(distances in meters)

Equip 
Access
Hatch

Equip 
Access
Hatch

Equip 
Access
Hatch

1150 MW Combined Heat and Power Station

Oil Refinery

Hydrogen Production
Desalinization Plant

VHTR Characteristics
- Temperatures > 900 C
- Indirect Cycle 
- Core Options Available
- Waste Minimization 







What is a Pebble Bed 
Reactor ?

• 360,000 pebbles in core
• about 3,000 pebbles 

handled by FHS each day
• about 350 discarded daily
• one pebble discharged 

every 30 seconds
• average pebble cycles 

through core 10 times
• Fuel handling most 

maintenance-intensive 
part of plant



Fuel Sphere
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Reactor Unit

Helium 
Flowpath



AVR: Jülich
15 MWe Research Reactor



HTR- 10 China
First Criticality Dec.1, 2000



Safety of Pebble Beds
Shutoff all Cooling, Isolate Steam Generator, Prevent Auto Shutdown

Core Power



Features of MIT MPBR Design

Three-shaft ArrangementPower conversion unit
2.96Cycle pressure ratio
900°C/520°CCore Outlet/Inlet T
126.7 kg/sHelium Mass flowrate

48.1% (Not take into 
account cooling IHX and 
HPT. if considering, it is 
believed > 45%)

Plant Net Efficiency
120.3 MWNet Electrical Power
132.5 MWGross Electrical Power
250 MWThermal Power



Current Design Schematic
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IHX Module

Reactor
Vessel

Recuperator Module

Turbogenerator

HP Turbine

MP Turbine

LP Turbine

Power Turbine HP Compressor

MP Compressor

LP Compressor

Intercooler #1

Intercooler #2

Precooler

~77 ft.

~70 ft.

Plant Footprint

TOP VIEW
WHOLE PLANT



Total Modules Needed For Plant Assembly (21):  Nine 8x30 Modules, Five 8x40 Modules, Seven 8x20 Modules

Six 8x30 IHX Modules Six 8x20 Recuperator Modules

8x30 Lower Manifold Module8x30 Upper Manifold Module

8x30 Power Turbine Module

8x40 Piping & Intercooler #1 Module

8x40 HP Turbine, LP Compressor Module

8x40 MP Turbine, MP Compressor Module

8x40 LP Turbine, HP Compressor Module

8x40 Piping and Precooler Module

8x20 Intercooler #2 Module

PLANT MODULE SHIPPING BREAKDOWN



High Pressure Turbine

Low Pressure Turbine

Compressor (4)

Power Turbine

Recuperator Vessel

Present LayoutReactor Vessel

IHX Vessel



Space-Frame Concept
• Standardized Frame Size
• 2.4 x 2.6 x 3(n) Meter
• Standard Dry Cargo Container
• Attempt to Limit Module Mass to 

~30t / 6m
– ISO Limit for 6m Container
– Stacking Load Limit ~190t
– ISO Container Mass ~2200kg
– Modified Design for Higher 

Capacity—~60t / 12m module 
• Overweight Modules 

– Generator (150-200t)
– Turbo-Compressor (45t)
– Avoid Separating Shafts!
– Heavy Lift Handling Required
– Dual Module  (12m / 60t)

• Stacking Load Limit Acceptable
– Dual Module = ~380T
• Turbo-generator Module 

<300t
• Design Frame for Cantilever Loads

– Enables Modules to be Bridged
• Space Frames are the structural 

supports for  the components.
• Only need to build open vault areas 

for space frame installation - RC & 
BOP vault

• Alignment Pins on Module Corners
– High Accuracy Alignment
– Enables Flanges to be Simply 

Bolted Together
• Standardized Umbilical Locations

– Bus-Layout of Generic Utilities 
(data/control)





Distributed Production Concept
“MPBR Inc.”

Space-Frame Specification

Component 
Fabricator #1

e.g. Turbine 
Manufacturer

Component 
Fabricator #N

e.g. Turbine 
Manufacturer

Component Design

MPBR Construction Site

Site Preparation 
Contractor

Assembly 
Contractor

Site and Assembly SpecificationsM
anagem

ent and O
peration

Labor

Component Transportation

Design Information



Distributed Production Concept - Virtual Factory !

• Evolution of the “Reactor Factory” Concept
• There Is NO Factory

– Off-load Manufacturing Capital Expense to Component Suppliers
• Decrease follow-through capital expense by designing to 

minimize new tooling—near COTS
• Major component fabricators become mid-level integrators—

following design delivered from HQ
– Reduces Transportation Costs

• Component weight ≈ Module weight:  Why Transport It Twice?
– Enables Flexible Capitalization

• Initial systems use components purchased on a one-off / low 
quantity basis

• Once MPBR demand established, constant production + 
fabrication learning curve lower costs



• Site / Building Design Does Not Require Specialized Expertise
– Enables Selection of Construction Contractors By Location / 

Cost
– Simplified Fabrication Minimizes “MPBR Inc.” Workforce 

Required  

• Simple Common Space-Frame Design 
– Can be Easily Manufactured By Each Individual Component 

Supplier
– Or if necessary sub-contracted to generic structural fabricator

• Modern CAD/CAE Techniques Enable High First-Fit Probability—
Virtual “Test-Fit”



Challenges 
• Unless the cost of new plants can be 

substantially reduced, new orders will not be 
forthcoming.

• The novel truly modular way of building plants 
may be the right way to go – shorter construction 
times.

• Smaller units may be cheaper than larger units –
economies of production may trump the 
economies of scale when financial risks are 
considered.

• The bottom line is cents/kwhr not $/kwe !!



Risk Informed Design, 
Safety and Licensing 

• Use PRA principles in design of CO2 gas 
reactor – avoid problems

• Technology neutral risk informed safety 
standards

• “License by test” regulatory approach for 
innovative reactors



What About Transportation ?
• Fuel Cells ?
• Electric Cars ?
• Solar Electric Cars 
• Natural Gas ?
• Combo-Cars
• Hydrogen Powered

Where do we get the hydrogen ?



The Hydrogen Economy Has Started
• World wide 200 GWt produced. 
• US use now 11 million tons/y (48 GWt)
• 95% produced from Methane 

– Consumes 5% of natural gas usage
– Not CO2 free:  74 M tons of CO2/y

• 50% is used in fertilizer, 
37% in oil industries

• 97% produced near use site, no distribution infrastructure
• ~ 10%/y growth 

X 2 by 2010, X 4 by 2020
• Hydrogen Economy will need

X 18 current for transportation
X 40 for all non-electric



How Can We Get Hydrogen from Nuclear Energy?

• Electricity – Electrolysis ES
– Current technology but not efficient

• Thermal source for SMR
– Near term technology - does not eliminate CO2

emissions
• Heat – Thermo-chemical TC

– R&D scale technology, high temperature 
catalyzed reactions for water splitting

– Current Technology: Steam Methane Reforming, 
reduces GHG emissions by a factor of 2

• Electricity/Heat – high temp. steam electrolysis HTES
– R&D scale technology
– Reversed fuel cellss



Candidate Nuclear Reactors 
for Thermochemical and Electrical Water Splitting

• Current commercial reactors are 
too low temperature for efficient 
production.

• Helium, heavy metal, molten salt 
are the DOE candidates; helium 
gas-cooled most developed

• Modular Helium Reactors are 
suited for TC production of 
hydrogen by either water splitting 
or methane reforming.

• British Advanced Gas Reactors, 
cooled by CO2, if raised in 
pressure and equipped with gas 
turbines are also good 
candidates for HTES.



Advantages of Nuclear Energy
• Long term domestic and internationally stable supply 

of uranium: 50 to 100 years per today’s technology, 
5000 years with breeding. Ocean supplies are 100 
times more. Thorium can add 15,000 years.  

• No air pollution by toxic gases or particulates
• No emissions of global warming gases
• Has 1/5000 smaller solid waste volume than coal. 

Needs one football field size repository for all wastes 
from 100 operating reactors

• US Reliability record of late is impressive. Almost 
3000 reactor years have been logged. One core 
melted, but did not harm public.



But, What about the Waste ?
• Geological Disposal
• Yucca Mountain Nevada
• 10,000 to peak dose at 700,000 year standard –

new EPA standard
• 15 millirem/yr at 10,000 years from all sources –

What do we get in Cambridge??
• Is it operating – NO
• Will it be hard to License – YES
• Do we have an operating geological waste 

repository in the US - YES



Fuel Cycle Options
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Waste Isolation 
Pilot Plant (WIPP)

First US Geological
Repository

Carlsbad, New Mexico













Gabon, Africa - Natural Nuclear Reactor



Viability Assessment:
Total System Performance Assessment (Volume 3)

• Water is the primary means by which radioactive elements could be 
transported from a repository

Blue arrows indicate underground water flow

Groundwater Flow
• In general, flow is southerly

• Likely compliance point is at 20 km well 
(approximately at Nevada Test Site 
fence line or Lathrop Wells)

• Natural discharge of groundwater from 
beneath Yucca Mountain probably 
occurs at Franklin Lake Playa, although 
spring discharge in Death Valley is a 
possibility
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Nevada Test Site
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Nuclear Explosion
Locations

Yucca Mountain



Viability Assessment:
Total System Performance Assessment (Volume 3)

Water Movement Through the Geologic Formations



Viability Assessment:
Total System Performance Assessment (Volume 3)

Modeling of Groundwater Flow Processes from the 
Atmosphere to the Repository

6/19/01 72
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Viability Assessment:
Total System Performance Assessment (Volume 3)
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Total System Performance Assessment
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YUCCA MOUNTAIN IN THE 
BACKGROUND

PROPOSED STIE OF 
CENTRAL INTERIM  
STORAGE FACILITY



View from the Top of Yucca Mountain







Light at the End of the Tunnel



Solutions for US Energy Concerns

• Nuclear, Renewable Energy and Coal with 
CO2 Sequestration can provide domestic 
sources for electricity without emissions.

• Efficiency improvements can only help 
reduce demand but not eliminate it

• Transportation energy source alternatives are 
needed:
Electrical Batteries and hydrogen fuel cells 
are desirable but have many challenges

• Hydrogen is an energy carrier not an energy 
source



Resources

• www.iea.org
– Tons of World energy data

• www.eia.doe.gov
– Tons of U.S. energy data

http://www.iea.org/
http://www.eia.doe.gov/


ESBWR Design Features

•Natural circulation Boiling Water Reactor
•Passive Safety Systems
•Key Improvements:
– Simplification

• Reduction in systems and equipment
• Reduction in operator challenges
• Reduction in core damage frequency
• Reduction in cost/MWe



Enhanced Natural Circulation
Compared to Standard BWR’s
Enhanced Natural Circulation
Compared to Standard BWR’s

•• Reduced flow restrictionsReduced flow restrictions
•• improved separatorsimproved separators
•• shorter core shorter core 
•• increase downcomer areaincrease downcomer area

•• Higher driving headHigher driving head
•• chimney and taller vesselchimney and taller vessel



Differences relative to ABWR
ABWR ESBWR

Recirculation System + support systems Eliminated (Natural Circulation)

HPCF (High Pressure Core Flooder) (2 
each)

Combined all ECCS into one Gravity Driven 
Cooling System (4 divisions)

LPFL (Low Pressure Core Flooder) (3 each)

RCIC (Isolation/Hi-Pressure small break 
makeup)

Replaced with IC heat exchangers 
(isolation) and CRD makeup (small break 
makeup)

Residual Heat Removal (3 each)  (shutdown 
cooling & containment cooling)

Non-safety shutdown cooling, combined 
with cleanup system; Passive Containment 
Cooling

Standby Liquid Control System–2  pumps Replaced SLCS pumps with accumulators

Reactor Building Service Water (Safety 
Grade)
And Plant Service Water (Safety Grade)

Made non-safety grade – optimized for 
Outage duration

Safety Grade Diesel Generators (3 each) Eliminated – only 2 non-safety grade diesels

2 Major Differences – Natural Circulation and Passive Safety



Why Was AP1000 Developed?

• Existing designs with incremental improvements 
could not meet the deregulated electricity generation 
cost target

• Westinghouse Passive Plant Technology was mature 
and licensed in US

• Large investment in Passive Plant Technology 
development could be leveraged to provide a cost 
competitive design in a relatively short time



Passive Safety Advantages

• No reliance on AC power
• Automatic response to accident condition assures safety
• Long term plant safety assured without active components 

(natural forces only)
• Containment reliability greatly increased by passive cooling
• In severe accidents, reactor vessel cooling keeps core 

debris in vessel
• Large margin to safety limits
• Defense in depth - active non-safety systems provide 

additional first line of defense



AP1000 Design Objectives
• Increase Plant Power Rating to Reduce Cost

– Obtain capital cost to compete in US deregulated market 

• Retain AP600 Design Basis and Detail
– Increase capability/capacity within “space constraints” of AP600

– Retain credibility of “proven components”

– Retain basis and pedigree for cost estimate, schedule, modular scheme

• Retain AP600 Licensing Basis
– Meet regulatory requirements for Advanced Passive Plants

– Demonstrate AP600 Test Program and Safety Codes are applicable to 
AP1000

Build on AP600 InvestmentBuild on AP600 Investment



Reactor Coolant System
• Canned motor pumps 

mounted in steam 
generator lower vessel 
head

• Elimination of RCS loop 
seal

• Large pressurizer
• Top-mounted, fixed in-

core detectors
• All-welded core shroud
• Ring-forged reactor 

vessel



Passive Core Cooling System

• AP1000 has no reliance on AC 
power
– Passive Decay Heat 

Removal
– Passive Safety Injection
– Passive Containment 

Cooling

• Long term safe shutdown 
state > 72 hours without 
operator action



Passive Containment Cooling



Advanced Control Room



Parallel Tasks Using Modularization 
Shorten Construction Schedule



European Pressurized Water Reactor



EPR Safety System
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